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arrhythmias [2] . Their high prevalence is attributed to several pathophysiologic disturbances, including left ventricular hypertrophy (LVH), myocardial stunning and electrolyte imbalances, but other, unknown, mechanisms maybe also involved. Arteriosclerosis preferentially affects the media of aorta and central arteries and is the typical feature of vascular remodelling in ESRD [3, 4] . Since arterial stiffness is a principal pathogenetic mechanism of aortic systolic blood pressure (SBP) augmentation, LVH and sudden cardiac death, it was unsurprising that increased arterial stiffness and wave reflections were shown to be independent cardiovascular risk factors in ESRD [5, 6] and that aortic blood pressure (BP) exhibited stronger prognostic associations with cardiovascular mortality than brachial BP in these patients [7] .
From the beginning of haemodialysis as a renal replacement therapy, hospital-or unit-based maintenance haemodialysis is typically scheduled three times weekly; thus, haemodialysis patients remain outside dialysis for two short intervals (∼2 days) prior to the second and third weekly dialysis and for a longer interval (∼3 days) prior to the first weekly session. As this schedule was introduced due to calendar logistics and not due to health and disease factors, it is long hypothesized that the intermittent haemodialysis nature and the shifts in volume and metabolic parameters during the interdialytic periods may further aggravate the cardiovascular risk of haemodialysis patients [8, 9] . Large-scaled observational studies investigating the day-of-week morbidity and mortality of these individuals showed that deaths and cardiovascular complications occur more frequently within the day of the first dialysis (including the last hours of the long interdialytic interval) than on any other day of the week [10] [11] [12] .
Despite these research efforts, several aspects regarding the mechanisms involved in the elevated cardiovascular risk of the 3-day interval remain unknown. In previous works investigating acute changes in arterial cushioning function between and within subsequent dialysis sessions, we have observed significantly greater increases in aortic BP and wave reflection indices during the 3-day relative to a regular 2-day interval [13] , providing a mechanism for increased cardiovascular risk at the end of the third day. However, these findings were based on recordings shortly before and after dialysis and, thus, shared the limitations of peridialytic BP measurements; these are confounded by several factors and are inaccurate estimates of interdialytic BP, when ambulatory BP monitoring (ABPM) is used [14, 15] . A newly-introduced oscillometric ABPM device (Mobil-O-Graph, IEM, Stolberg, Germany) records BP and pulse waves at brachial artery and provides valid and reproducible estimates of aortic BP, augmentation index (AIx) and pulse wave velocity (PWV) in ambulatory conditions [16] [17] [18] [19] . The aim of this study was to explore the variation in arterial cushioning function during a whole 3-day interdialytic interval in haemodialysis patients and to compare differences in these indices between the second and the third interdialytic day.
M AT E R I A L S A N D M E T H O D S

Study cohort
Consecutive ESRD patients under haemodialysis in four haemodialysis centres of northern Greece Greece that volunteered for the study and fulfilled the inclusion/exclusion criteria below were recruited. Inclusion criteria were: (i) age >18 years; (ii) haemodialysis with 3 weekly dialysis sessions for >3 months; (iii) dialysis dose of spKt/V > 1.2; (iv) valid ABPM for the period under study; (v) informed written consent. Exclusion criteria were: (i) chronic atrial fibrillation or other arrhythmia; (ii) old non-functioning fistula at the contralateral arm from that currently used for dialysis access; (iii) myocardial infarction, unstable angina and ischaemic stroke during the previous month; (iv) Stage III-IV congestive heart failure, according to New York Heart Association classification and (v) malignancy or any clinical condition associated with poor prognosis. All protocol procedures were conducted in accordance with the Declaration of Helsinki (2008 Amendment).
In addition to the above, after the haemodialysis cohort was formed, we blindly selected healthy individuals or patients with Stage 1 hypertension without target-organ-damage as controls (matched for age, gender and body mass index in 1 : 1 ratio to haemodialysis patients) from the prospective aortic ABPM cohort of the Cardiovascular Research Laboratory of 'Laiko' Hospital, Athens, Greece. A case-control comparison was performed to assess differences in the variation of arterial stiffness indices between 24-h ABPM of controls and Day (2) or Day (3) of haemodialysis patients.
Study procedures
Subjects had their medical history recorded, underwent a full physical examination and had blood sampling for routine laboratory tests. Patients that fulfilled the inclusion/exclusion criteria were scheduled to go to their dialysis unit 1 h before the third weekly session. Patients had their body weight and height measured and standard office BP readings taken after 10 min of rest. Subsequently, the brachial and aortic ABPM with the Mobil-O-Graph device was started, after fitting a cuff of appropriate size in the non-fistula arm. ABPM was performed for a 72-h period, including the third weekly dialysis session and the subsequent interdialytic interval until next dialysis. All patients underwent their regular dialysis treatment, during which ultrafiltration volume was programmed according to their prespecified dry weight. All patients dialysed with standard bicarbonate dialysis solutions and synthetic membranes, with blood flow rates of 250-400 mL/min and dialysate flow rates of 500-800 mL/min. Patients were instructed to maintain their usual activities, including food and water intake, physical exercise and sleep patterns during the whole recording period. A total of 55 patients with valid ABPM were included in analysis.
Measurements
Ambulatory recording of aortic BP, wave reflections and arterial stiffness was performed with the newly introduced brachial cuff-based oscillometric device Mobil-O-Graph (IEM, Stolberg, Germany) [18, 20] , whose validity was previously tested against invasive and non-invasive measurements in different populations, including ESRD patients [18, 19, 21, 22] . After the conventional oscillometric BP measurement, the cuff re-inflates at the diastolic phase for 10 s and records brachial pulse waves with the use of a high-fidelity pressure sensor (MPX5050, Freescale, Tempe, AZ). After digitalization, a three-step algorithm is applied. In a first step, single pressure waves are verified for their plausibility by testing the position of minima and the corresponding wave lengths. Minima were detected by means of an iterative procedure evaluating higher order time derivatives of the pressure signal. During the second stage, all single pressure waves are compared with each other to recognize artefacts. Thereafter, an aortic pulse wave is generated by means of the ARCSolver algorithm, using a generalized transfer function [18, 20] . The oscillometric brachial SBP and DBP are used for calibration of the recorded pulse waveform. Furthermore, the Mobil-O-Graph software (HMS version 4.5) performs wave separation analysis by decomposing the aortic pulse waveform into forward-and backward-travelling pulse waves using a triangular aortic flow waveform [18, 20] .
The device calculates the following parameters as markers of wave reflections and arterial stiffness: (i) augmentation pressure (AP), estimated as the difference of the pressure at second minus the pressure at first inflection point of the systolic phase of pulse wave, where the first inflection point indicates the arrival of reflected waves to the central aorta; (ii) AIx, and heart rate-adjusted AIx [AIx(75)], which are defined as the ratio of AP to aortic pulse pressure (PP) and reflect the augmentation of aortic SBP due to the earlier return of the reflected wave [23] ; (iii) PWV as marker of aortic rigidity, which is estimated through mathematical models taking into account several parameters obtained by pulse wave and wave separation analysis [20, 21] .
The Mobil-O-Graph monitor was programmed to obtain measurements three times hourly from 07:00 to 22:59 and two times hourly from 23:00 to 06:59. Measurements were used for the analysis only if >80% of recordings were valid with <2 non-consecutive day-hours with fewer than two valid measurements, and less than one night-hour without valid recording, according to standard ABPM recommendations [24] . Hypertension thresholds used for brachial SBP and DBP were 135/85 mmHg for day-time and 120/70 mmHg for night-time periods [24] .
The raw dataset obtained by Mobil-O-Graph for each patient was exported to an Excel data file for additional analysis. We calculated the average values of brachial and aortic BPs, SBP and DBP loads, wave reflection and arterial stiffness indices for the 24-h period of the first, second and third interdialytic day as well as for day-time and night-time periods of each day.
Statistical analysis
Statistical analysis was performed with Statistical Package for Social Sciences (SPSS) 19.0 for Windows XP. Continuous variables are expressed as mean ± standard deviation (mean ± SD) or median and range, depending on the normality of the distribution. Categorical variables are presented as absolute frequencies and relevant percentages. The Kolmogorov-Smirnov Z-test was used to examine the normality of the distribution. For comparisons between the second and third interdialytic days, we used paired Student's t-tests or Wilcoxon's signed-rank test, if appropriate. To investigate the effect of fluid accumulation on the change in ambulatory arterial stiffness indexes across the out-of-dialysis periods of Day (1), Day (2) and Day (3), we performed one-way analysis of variance (ANOVA) for repeated measures adjusting for interdialytic weight gain. A P-value level <0.05 (two-tailed) was considered statistically significant. Table 1 presents demographic, clinical and routine pre-dialysis laboratory parameters of study subjects. A total of 55 patients (30 men and 25 women) with a mean age of 63.8 ± 13.6 years, receiving haemodialysis for a median of 29 months (range: 10.0-75.2 months) were included. About one-third of participants were diabetics, 76.4% were hypertensives, 20% had history of coronary heart disease, 7% history of cerebrovascular disease and 5.4% history of sleep apnoea syndrome. Calcium antagonists and β-blockers were the most commonly prescribed antihypertensive drug classes.
R E S U LT S
Ambulatory SBP, DBP and PP at brachial artery during the second and third interdialytic days are presented in Table 2 . Twenty-four-hour brachial SBP, DBP and PP levels during Day (3) were significantly higher than relevant levels during Day (2) (brachial SBP: 135.1 ± 20.5 versus 129.7 ± 20.5 mmHg, P < 0.001; brachial DBP: 80.1 ± 11.5 versus 76.5 ± 11.8 mmHg, P < 0.001; brachial PP: 54.9 ± 14.6 versus 53.2 ± 14.4 mmHg, P < 0.001). In addition, a significant elevation in SBP and DBP loads and a decrease in 24-h heart rate were evident during the third day in comparison with the second day. This significant rise in brachial BP levels during Day (3) compared with Day (2) was consistent for both day-time and nighttime periods.
Similarly to brachial BP recordings, 24-h aortic SBP, DBP and PP levels during Day (3) were significantly higher than the relevant mean 24-h aortic pressures during Day (2) (aortic SBP: 123.6 ± 17.0 versus 118.5 ± 17.1 mmHg, P < 0.001; aortic DBP: 81.5 ± 11.8 versus 78 ± 11.9 mmHg, P < 0.001; aortic PP: 42.1 ± 11.2 versus 40.5 ± 10.5 mmHg, P < 0.01). Again, this elevation in central BP parameters was constant in daytime and night-time periods, with the exception of night-time aortic PP that did not significantly differ between second and third days (Table 3 ). Mean 24-h levels of aortic SBP and DBP were higher during Day (3) versus Day (2) regardless of the diabetic status or dialysis vintage of study participants (Supplementary data, Tables S1 and S2). Figure 1A presents the variation of aortic SBP and DBP during the 72-h recording for patients dialysing in the morning shift (n = 27). It depicts a progressive elevation in aortic SBP and DBP from the hours following the dialysis session, with a characteristic peak of these parameters just before the next dialysis. A similar pattern was evident for patients in the mid-day (n = 16) and afternoon (n = 12) shifts. Of note, the changes in mean levels of aortic SBP, DBP and mean BP observed between the second and the third interdialytic day Δ[Day(3) (Figure 2) .
With regard to wave reflection indices, the mean 24-h AIx and AP levels were also significantly higher during Day (3) versus Day (2) (AIx: 30.5 ± 9.9 versus 28.8 ± 9.9%, P < 0.05; AP: 14.4 ± 7.4 versus 13.1 ± 7 mmHg, P < 0.01). Mean 24-h AIx (75) also exhibited an increase from Day (2) to Day (3), but the relevant difference did not reach statistical significance during day-time (Table 3) . Similar were the differences during daytime and night-time periods of the days compared, hence with higher statistical significance for day-time. Of importance, from the end of dialysis to the end of the recording a progressive increase in AIx levels was evident for patients in all dialysis shifts (shown for morning shift in Figure 1B) . With regard to PWV, a slight but significant increase of 0.2 m/s was observed in mean 24-h PWV levels on Day (3), when compared with Day (2) ( Table 3 ). Mean 24-h arterial stiffness indexes were higher during Day (3) versus the relevant values recorded during Day (2) regardless of the presence of diabetes or time on dialysis (Supplementary data, Tables S1 and S2). As shown in Figure 1C , PWV exhibited a drop within dialysis and thereafter followed a relatively steady pattern during the subsequent interdialytic period. In contrast to aortic SBP and DBP values, the changes in AIx and PWV between the second and the third interdialytic day Δ[Day(3) − Day(2)] were not different than the relevant changes observed between the first and the second interdialytic day Δ[Day(2) − Day(1)] (Figure 2 ).
As summarized in Table 4 , in unadjusted repeated measures ANOVA, 24-h brachial and aortic BP, wave reflection and arterial stiffness indexes exhibited a significant change across Data are presented as mean ± SD. SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; Aix, augmentation index; AIx(75), heart rate-adjusted AIx; PWV, pulse wave velocity. interdialytic periods of Day (1), Day (2) and Day (3). However, adjustment for interdialytic weight gain rendered the variation of all ambulatory arterial stiffness indexes over time insignificant (Wilks' Lambda P values >0.200 for all ABPM-derived parameters), suggesting that interdialytic weight gain is a strong determinant of interdialytic change in arterial cushioning function. The levels of brachial and central BP and arterial stiffness indices of controls in relation to Day (2) and Day (3) ABPM of haemodialysis patients are presented in Supplementary data, Tables S4, S5 and Figure S1 . As expected, BP levels, AIx(75) and PWV levels were lower in controls, with the absolute differences being relatively higher (and corresponding P-values lower) for night-time periods and Day (3).
D I S C U S S I O N
This is the first study to perform 72-h brachial and aortic ABPM with the newly introduced Mobil-O-Graph device, aiming to explore potential differences in aortic pressures, wave reflection and arterial stiffness parameters between the second and third day of the long interdialytic interval in haemodialysis patients. The main finding of this study was the significantly higher 24-h levels of AP, AIx and PWV during Day (3) in comparison with Day (2), findings that were consistent for both night-time and day-time periods. This increase in wave reflections and arterial stiffness was accompanied by a significant elevation of ∼5/3.5 mmHg in ambulatory aortic SBP and DBP between the second and the third interdialytic day that was >2 times higher than the relevant rise between the first and second day. Adjustment for interdialytic weight gain mitigated the significant changes in ambulatory aortic BP, AIx indices and PWV across interdialytic days, supporting the notion that excess fluid accumulation over the 3-day interval is a strong determinant of interdialytic amplification in these indexes.
The intermittent nature of thrice-weekly haemodialysis and the limited capacity of ESRD patients to compensate the shifts and fluctuations in volume status and metabolic parameters raised the hypothesis that 3-day interdialytic intervals would aggravate the risk of complications from the cardiovascular system [8, 9] . Earlier studies investigating this hypothesis observed that the last 12-h period of the 3-day interval was associated with 3-fold elevated risk of sudden cardiac deaths [25, 26] . In a recent retrospective analysis of morbidity and mortality data from 32 065 participants in the End-Stage Renal Disease Clinical Performance Measures Project in the USA during 2004-2007, Foley et al. [10] showed that rates of cardiovascular mortality and cardiovascular-related hospitalizations were significantly higher on the day following the 3-day interdialytic interval than on any other day. In a subsequent post hoc analysis of mortality data from 22 163 participants in the Dialysis Outcomes and Patterns Practice Study, Mondays were associated with 43% and Tuesdays with 39% significantly higher risk of death relative to the 7-day average for patients being on a Monday-Wednesday-Friday or a Tuesday-ThursdaySaturday dialysis schedule [12] . This day-of-week mortality pattern for patients receiving ≤3 dialysis treatments per week was also confirmed in another analysis of mortal events during 1999-2008 in the Australian and New Zealand Dialysis and Transplant (ANZDATA) Registry [11] .
The results of the present study expand previous works of our group, where we showed that AIx indexes and aortic BPs (measured in static conditions before and after dialysis) exhibited a 30% greater increase during the 3-day relative to a 2-day interval [13] . The present study confirms this significant elevation of AP, AIx and aortic SBP and DBP during the third compared with the second interdialytic day with the use of ABPM. Ιt has been previously shown that peridialytic BP recordings exhibit high variability, poor reproducibility and low prognostic value when compared with interdialytic ambulatory BP recordings [14, 15, 27] ; thus, ABPM is strongly recommended to accurately assess BP control and perform risk stratification in haemodialysis [28] . The ability to perform ambulatory recording of aortic BP, wave reflections and PWV provided by the Mobil-O-Graph device is a significant addition to the existing tools for evaluating arterial stiffness. Mobil-O-Graph provides valid estimations of the above indices, as shown in studies testing its validity against invasive and non-invasive recordings in different populations, including ESRD patients [18, 19, 21, 22] . In addition, a recent study in patients with Stage 2-4 chronic kidney disease showed that elevated ambulatory PWV is associated with increased risk of mortality, suggesting that ambulatory recording of arterial stiffness maybe a powerful prognostic tool [29] . The significant increment in aortic BP and in arterial stiffness indices during the third dialysis-off day supports a mechanism that could explain some of the adverse cardiovascular effects of 3-day intervals. This increase in the amplitude of the reflected wave and in PWV lead to augmentation of peakand end-systolic pressures in the ascending aorta, thereby raising myocardial afterload and myocardial oxygen demand [4, 23] . Another mechanistic pathway could be the reduced subendocardial blood flow during diastole, favouring the occurrence of acute ischaemic cardiac events. In the long term, this periodic increase in aortic BP load during the third interdialytic day (shown herein to be considerably higher than that imposed during the second interdialytic day) may promote the adverse cardiac remodelling and worsen the underlining LVH, raising the risk of arrhythmias and sudden death [4, 23] .
Excess volume accumulation during the third interdialytic day maybe one of the main mechanisms involved in the amplification of aortic BP and arterial stiffness, among several other pathophysiological changes that may occur during this period. This is strongly supported by the fact that adjustment for interdialytic weight gain in our analysis rendered all changes in ambulatory arterial stiffness indices across interdialytic days insignificant. Several clinical studies have highlighted that weight gain is a strong determinant of the circadian ambulatory BP pattern during the interdialytic period in hypertensive haemodialysis patients [30, 31] . Studies using bioelectrical impendence analysis (BIA) technique to assess hydration status showed that abnormal extracellular-to-intracellular fluid ratio (i.e. a marker of volume expansion) is associated with elevated aortic AIx and PWV [32] . This is also supported by recent studies showing that strict volume control achieved through BIA-guided prescription of ultrafiltration was associated with significant reductions in aortic PWV and with regression of LVH in comparison with the clinically-guided assessment of dry weight [33] . In a mixed linear model analysis of several factors potentially affecting intra-and interdialytic variations in wave reflections, we have previously shown that interdialytic weight gain was the major determinant of the change in AIx between and within subsequent dialysis sessions [13] .
This study investigated for first time the potential adverse effects of the third interdialytic day on arterial cushioning function, applying the most reliable method of ABPM during a whole 3-day interdialytic interval. Assessment of aortic BP, AIx parameters and PWV by the Mobil-O-Graph device is based on oscillometric recordings of brachial BP and pulse waveforms; although this method has several differences from the currently most widely applied tonometric techniques, previous studies showed acceptable agreement between Mobil-O-Graph-derived indices and non-invasive and invasive intra-aortic measurements, as discussed above [18, 19, 21, 22] . Another possible limitation is that due to the pilot nature of this study, a sample size calculation prior to its initiation was not performed; however, we believe that the number of patients included along with the large number of measurements obtained during each 72-h recording (>180) have provided adequate power to our comparisons. Furthermore, the effects of the second and third interdialytic day on arterial stiffness were not evaluated in a randomized order, as all patients wore the machine consecutively for 72-h. Perhaps the best possible design was the patients to perform both a 72-and 48-h recording in a randomized order to compare the third and second day from each recording. However, this would have added considerable discomfort to the patients and may have drastically reduced valid recordings.
In conclusion, the present study showed, for first time, that in haemodialysis patients the third interdialytic day is associated with an additional elevation in ambulatory aortic BP, AIx parameters and PWV relative to that imposed during the second interdialytic day. This increment in central haemodynamic and arterial stiffness parameters is volume-dependent and may represent one major pathogenetic mechanism involved in the heightened cardiovascular risk of the third interdialytic day in haemodialysis. Future research efforts are urgently warranted to fully elucidate the possible adverse effects of timing and frequency of dialysis schedules in patients receiving conventional haemodialysis.
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